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ABSTRACT

aA set of hypersonic aerodynamic characteristics has been obtained for the

Gemini re-entry module by a least squares curve fit of the appropriate

ground test data to equation forms which are based on the related flow

phenomena and simulation requirements, Correlation of flight test T
and (L/D)T with predicted values based on the curve fit set of characteris-

tics is satisfactory in the low cT range (less than 8 deg) but deteriorates

with increased a T* This deterioration is shown to be due to differences in

the flight and predicted values of CN and Cm
mref

Based on these results it is concluded that current hypersonic ground test

facilities produce Gemini B afterbody aerodynamic forces of questionable

accuracy due to their lack of total enthalpy simulation. This deficiency

can result in differences of 10 to 15 percent between predicted and flight

measured trim characteristics. Further refinement of vehicle aerodynamic

characteristics can be achieved only through use ol flight test data.

It is recommended that the sensitivity of Gemini B system requirements to

tolerances in predicted aerodynamic characteristics be established through

appropriate systems studies and, if warranted, the existing NASA flight test

data be re-examined and applied to the refinement of these characteristics.
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NOMENCLATURE

ot angle of attack, deg
CA  axial force coefficient; FA/q -D

GA A~/ -
nD 3

C pitching moment coefficient; Mref/qmref

CN normal force coefficient; F /q TTD

C P stagnatica pressure coefficient behind a normal shock
max

D diameter, ft

e center of gravity lateral offset, in.

h altitude, ft

H total enthalpy, Btu/lb

k constant

L/D lift/drag ratio

M Mach number

q dynamic pressure, lb/ft 2

Reo DD free stream Reynolds number based on vehicle diameter

Rej Reynolds number behind normal shock based on vehicle
diameter

u or v velocity, ft/sec

Subscripts

)T denotes trim

)00 denotes free stream

)N denotes Newtonian

)AB denotes afterbody

( )FB denotes forebody
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1. INTRODUCTION

The hypersonic aerodymmic characteristics of the Gemini re-entry 'vdule

must be known to some acceptable level of accuracy for purposes of system

design and operational planning. The NASA Gemini characteristics were

initially established by ground facility tests in 1962 (Refs. I and 2) and were

later modified by GT-2, -3. and -4 flight test data. The Gemini B aero-

dynamic characteristics v -re independently established in 1965 by a least

squares curve fit of the test data of Ref. 3 to power series in M and ,

It is well known that current ground test facilities lack total simulation

capability of the re-entry environment (Ref. 4). This, combined with

unknown sting effects and tl - transient character of hypersonic test shots,

raises the question of the accuracy of aerodynamic characteristics based

wholly on ground facility data. Furthermore, the data scatter of hypersonic

facilities is large. These factors combine to impose severe pxalties on

vehicle design and/or operational capability when the system ts subjected to

dispersion analyses.

Mot'vated by these consideralions, a re-examination of the predicted hyper-

sonic aerodynamic characteristics of the Gemini B re-entry module was

undertaken with the objectives (1) of defining a consistent set of min imum

tolerance aerodynamic characteristics based on ground facility test data,

and (2) attempting to draw conclusions as to the capability of predicting

f 1-scale aerodynamics from ground facility tests by comparison ith

available flight data.

-I
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2. FLIGHT AND GROUND TEST FLOW SIMULATION

The velocity-altitude plots of GT-2, -3, -4, -5, HST and estimated

Gemini B full and zero lift abort boundary re-entry trajectories are shown

in Figure 1. These trajectories serve as a qualitative definition of the

Gemini operational v-h envelope. The corresponding boundaries for free

stream Reynolds number Reo D , Reynolds number behind a normal shock

Re D, total enthalpy H., and stagnation pressure coefficient behind a

normal shock Cp , have been computed using the real gas tables of

Ref. 5 and are shown in Figures 2, 3, and 4.

A comparison of these flight boundaries with wind tunnel test values is also

shown in Figures 2 and 3. The data represent the major wind tunnel tests

performed on the NASA Gemini and Gemini B re-entry module (Refs. I

through 3 and 6 through 14). A list of these tests and their Mach number,
Reynolds number, and enthalpy ranges is presented in Table I. Reference 14,

although not a Gemini configuration, is included in Table I as it is geo-

metrically similar and provides data in a Mach number range unavailable

elsewhere. It is seen from Figure 2 that in the hypersonic range, Re, is

not simulated even though the test and flight values of Reo D may be maiched.

This disparity is a direct consequence of the low H levels of ground test
0

facilities. At the hiRher Mach numbers, test section H is an order of
0

magnitude less than flight values (Figure 3).
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3. AERODYNAMIC CHARACTERISTICS CURVE FIT

Curves of the Gemini re-entry module hypersonic aerodynamic character-

istics have been fitted to those force and moment test data of Table IwithMach

number 6. 8 and greater by a multiple linear regression least squares tech-

nique. In this procedure, the aerodynamic coefficients were assumed to be

of the form

n n n1

C ii N bigi; C m c (1
i =0 iO =0ref i-0

where the gi are independent variables and the a., b., and c. are the partial

regression coefficients determined by the least squares fit. The gi cannot

be arbitrary if the curve fits are to be meaningful; they must be chosen

from a consideration of the physics involved. The following section dis-

cusses the gi used and the basis for their selection and presents the resul-

tant curve fits.

3. 1 GENERAL CONSIDERATIONS

The Gemini re-entry module is shown in Figure 5 along with the notation used

in this study. Restricting the range of interest to moderate angle of attack,

say Ia < 30 deg and M > 6, it is clear that Newtonian theory is applicable

to the forebody and the Mach number independence principle is applicable to

the over-all vehicle. The latter combined with the assumption that the flow

solution is unique for any Mc requires that test data for similar configu-

rations form a clearly defined variation with M and that this variation be

a weak function of M which approaches a limit uniformly as MO - co. The

fluid properties behind the bow shock serve as the boundary conditions for

the flow about the vehicle. The afterbody wake flow is therefore properly

correlated with ReiD while the forebody flow field 1s essentially viscous

independent.

-la- r
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3.2 EQUATION FORMS

3.2. 1 Axial Force Coefficient

It is assumed that CA varies smoothly with a and is little affected by

changes in afterbody flow geometry. Furthermore, CA is restricted to

be an even function in o by axial symmetry. Newtonian analysis applied

to Gemini type forebody geometry yields

CA C (k - k 2 sin 0) (Za)
N max

or

CA /CA = i k / k sino (Zb)AN ANa =0 1

where k and k are functions of forebody geometry. Correlation of te

hypersonic test data of T ble I shows close conformity to the sin a variation

of Eq. (2b) with (kZ/k )/(kZ/kl)N -0.9 * 0.2 over the Mach number range.

Pressure data of Table I show that for M,> 7, the afterbody contribution to

CA is less than 2 percent. Accordingly, the equation form chosen for the

CA data curve fit is

CA Cp [(a 0 + a M + a M). (a3 + a4 M + a M )sin al (3)
max

where Cp is a piecewise linear approximation of the operational boundary
max

CP (Figure 4). The rational functions in Moo account for the possible
max O

variations of k and k2 with free stream Mach number, their forms being

obtained from a consideration of the similarity laws governing hypersonic

expansion flow.
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3. 2.2 Normal Force and Pitching Moment Coefficient

Both forebody and afterbody contributions to CN and C are assumed

present. The forebody contributions are expected to var7 smoothly with a

while the afterbody contributions imay show variations in form due to

changes in wake geometry with o. Such variations might be expected at

o - 13 deg when the afterbody starts to see the oncoming flow and at

a - 35 deg when the bow shock impinges on the aft section. Total C %nd

C are restricted: to be odd functions in o by axial symmetry.i ref

The forebody contributions as given by Newtonian theory are

Cp k sinocosa (3)
6NFB max

C =Cp k sinucosa (4.1mrefFB maxk 4

where k3 is a function of forebody geometry, and k4 is a function of forebody

geometry and moment reference center location.

The functional form of the afterbody contribution cannot a priori be dete, -

mined. In the absence of adequate separated flow theory, an empirical

approach was taken based on the limited afterbody pressure data available.

It was assumed that the incremental circumferential pressure distribution

over the afterbody can be approximated by one which io self-similar, that is,

a function of azimuth angle only. With our using the test data of Refs. 15

and 16 to define this distribution and the data of Table I for the vriation

of the windward ray pressure distributi'q with a, a numerical integration

was performed to obtain the afterbdy r #*ributiLns CNA, and C
rnref

The results are shown in Figure 6 r i W., 13, and 17.
00

....1..4.......
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Curves have been fit to the computed points of Figure 6 using equations of

the form

.3
C N AB sinatcosof + k sin a (5)

Cm k sinatcosce + k~i~o)+ k "ano (6)
MrefAB 7 ~i~a ~i

The functional forms of Eqs. (5) and (6) were arrived at by inspection of

the data and the desire to maintain consistency with Eqs. (3) and (4). The

sin(nx) term of Eq. (6) is included to account for the inflection of the Cm

data ar ound ot 15 d eg. The value n = 10 i s us ed f or the curve s of -e.AB

Figure 6.

A buildup of estimated total C Nand Cre consisting of Newtonian forebody

contributions, Eqs. (3) and (4), and the afterbody contributions defined by

the M 1?= curve of Figure 6 are shown in Figure 7. The Mach 15 test

data of Refs. 2 and 3 are also shown for comparison. Correlation appears

quite good considering the approximations underlying the estimated buildup.
Of particular interest is the nontrivial contribution of the afterbody to total

estimated C N and Cm.e and sin(na)-like behavior of the test data, clearly

* present in the Cm data and to a lesser degree in the CN data. The
MrefN

sin(not) term is therefore considered necessary in a comprehensive analytic

description of both CN and Cm
AB ref AB

Based on the above considerations, the equation forms chosen for use in

the C N and C rrrfcurve fit are

i . .e.. .. ..... ....

CNCP (bO+ b M-i+ b M ) +(b + b M-i+ b M )ainacosa
max

I3

+ (b + beM + b M i c pnu(nv) +(b +b M + b M )sin a
9 f i o 11 d 12 13 CD 14 cD

-t6-
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c c L(c0 + c M "-1  M c M 1 +c Moo)sinecosoemref Pmax c0 1 0 + C2Mo CO (6 080

+ (cM + cc Moo).sin(n) + (c + c M"oM )siflai
9 -o0 ~o12 1 0+c40

(8)

where as in Eq. (3) the rational functions in M account for possible varia-
0O

tions of the k. with free stream Mach number.

3.3 GEMINI RE-ENTRY MODULE AERODYNAMIC
CHARACTERISTICS

A multiple linear regression least squares technique has been used to fit

Eq. (3) and Eqs. (7) and (8) with n = 10 to the applicable test data of Table I.

The value n 1 10 was chosen as that integer 4 5 n <- 15 which yielded a

minimum for the standard error of estimate for CN and Cmref. The resul-

tant set of partial regression coefficients a., b., c. is listedin Table II.

The aerodynamic characteristics defined by Table II are presented graphi-

cally in Figure 8 and numerically in the.Appendix and are considered to be a
consistent estimate of the Gemini re-entry module hypersonic aerodynamics

from a statistical and physical standpoint.

The low Mach number data of Ref. 9 are also shown in Figure 8 and Table III

for completeness and the data for Ma, 30 are included to facilitate inter-

polating in the range 25 < M < 30. Note, however, that this region of

maximum M shown in the v-h envelope of Figure 2, corresponds to h >00
260,000 ft where the assumption of continuum flow begins to break down and

predictions based on transitional and free molecular flow theories are

required.

II -18-
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Table 11. Partial Regression Coefficients and
Aerodynamic Characteristics

Curve Fit

14 14 14

CA CP aigi; CN C bg; C C c
max i =0  max i=0 rref max .0=

i a. b ci gi

0 0. 736501 -0.042360 0. 027i06 i

1 0.800452 0.190849 -0. 163643 M-I

2 0.0066785 0.0016558 -0.0008677 M

3 0.094915 0 0 sin 2 ac
-1 .24 -4.074827 0 0 M sin ''

5 -0.0364345 0 0 M sinkot

6 0 .153436 -0.034520 sinccosa

7 0 0.646552 0.84380 M sincosa

8 0 -0.0010756 0.0033979 M sinacosa

9 0 0.040932 -0.006345 sin(iOu)

iO 0 -0. 173935 0.089669 M1 sin(10)

II 0 -0.0014653 0.0002452 MOO sin(tOo)

12 0 1.093180 0.030490 sin 3c,

13 0 -4. 767849 0. 928086 M 1 sin 3C,

14 0 -0. 0336268 0. 0003128 M sin 3 t0

1.735 + 0.0160 M for M < 10

Cp -- 1.862 + 0.00334 M for 10 < M 5 24Pmax 020 oo0

tt.942 for Mo0 > 24

-19-
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4, AERODYNAMIC CHARACTERISTICS STATISTICAL PROPERTIES

The statistical properties of the least squares curve fit of Section 3. 3 are

summarized in Table III and Figure 9. Table III presents the summation of

the residuals and standard error of estimate of CA , CNI and Cm about
refthe regression plane and the correlation coefficients PCACN , PCAC and

pCNC . The differences in sample size are due to using data ref

points irete analysis which did not always consist of CA. CNI Cm triplets.
ref

The 99. 7 percent confidence limits as computed by the method of Ref. 17 are

shown in Figure 9 in carpet plot format as a function of Moo and a.

-23-
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5. CORRELATION WITH FLIGHT TEST DATA

5. ! TRIM AERODYNAMICS, C'T AND (L/D)T

The predicted trim characteristics aT and (L/D)T based on the aerodynamics

of the Appendix are compared with flight measured values in Figure 10 for

the GT-2, -3, -4, -5, -8, -10, -it, and -12. Also shown are the predicted

values for Gemini B based on the data of Ref. 3. With the exception of

GT-5, Figure iOd, the.predicted curves of both aT and (L/D)T tend to

underestimate the flight measured values. A cross-plot of these data are

shown in Figure Ii. Here, aT and (L/D)T are plotted versus lateral c.g.

offset e for the two cases, M 16 and 22. The flight values shown are

frjm a least squares fit of the Figure 10 data to equations of the form

i=2 kMco. All data of Figure II are corrected to the longitudinal c. g.
position, X = 136, to permit comparison on the basis of variation in e alone.cg

The flight data with the exception of GT-5 fall into bands whose widths cor-

respond to a = 0. 1 in. displacement in e. The GT-5 flight data points fall

about 0. 1 in. to the right of the data bands. The re-entry c.g. positions

of the NASA Gemini spacecraft were obtained in postflight analysis by
weighing the recovered capsule and correcting for deployed chutes, water,

blankets, crew, propellant, etc. It is not unreasonable that this procedure

can, on occasion, result in errors of the order + 0. 1 in. Therefore, it is

suggested that the anomalous behavior of the GT-5 flight data in Figures 10d

and iI is the result of an incorrectly estimated re-entry e and that a more

probable value is of the order 1.42 in.

The predicted trim characteristics are also shown in Figure 11. Those

based on the Ref. 3 data underestimate flight measured oT and (L/D)T over

the total e range shown while those of the present study although lying within

the data band in the low e range also underestimate *T and (L/D)T in the

high e range, the error increasing uniformly with increasing e.

-29-
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5. Z RE-ENTRY TRAJECTORY IMPACT POINT

Computed re-entry trajectory impact points are compared in Table IV for

trajectory simulations using both the Gemini B predicted trim characteristics

and those of the present study. In part (a) of Table IV, three design re-

entry conditions with zero and full lift are shown. The impact points based

on the trim characteristics of the present study always fall uprange of the

Gemini B predictions. This behavior is attributed to the higher CA of the

present study for the zero lift cases and a lower (L/D)T for the full lift

trajectories.

A comparison of actual and predicted impact points for the Gemini B HST

flight is presented in part (b) of Table IV. The separation conditions used

for the trajectory simulation are those reported for the test article in the

postflight analysis (Ref. i8). The computed impact point based on the

Gemini B predicted trim characteristics is 28 n mi uprange and that

based on the present study is 84 n mi uprange of the actual HST impact

point. These differences are consistent with the relative values of (L/D)T

shown in Figure I i for the postflight estimated e of 2.09 in.

5.3 AXIAL LOAD FACTOR

The predicted values of axial load factor for the GT-2 and GT-5, Ref. 19,
which are based on the aerodynamic characteristics of Ref. 3 have been

modified to reflect the larger predicted CA of the present study and both are

shown in Figure 12 with measured flight data. It appears from these results

that tailoring CA to the operational boundary Cp of Figure 4 provides a
max

more satisfactory correlation of estimate with flight data.
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6. DISCUSSION OF RESULTS

A set of hypersonic aerodynamic characteristics has been obtained for the

Gemini re-entry module based on an examination of the flow phenomena

involved and the application of a least squares curve fit technique to the

available wind tunnel test data. Comparison of flight data with predictions

based on these characteristics shows varying degrees of correlation. It is

considered that the aerodynamic characteristics of the present study are a

good representation of the existing wind tunnel test data and it is unlikely

that any additional wind tunnel tests will alter these results to a significant

degree. If the flight test data is considered valid, then clearly a fundamental

difference exists between the aerodynamic characteristics of the small-scale

Gemini test models and the full-scale flight articles.

It has been shown that a serious d-fficiency in H simulation may result in
0

CN and Cm test data of questionable validity. To identify further the
ref

simulation deficiency as the probable source of error bet weMpredicted and

flight performance, the sensitivity of the trim characteristics to small

variations in the aerodynamic coefficients has been examined using the GT-2

c.g. position, Ma, of Z2, and the aerodynamic characteristics and 99.7 per-

cent confidence intervals of the present study. The results are summarized

in Table V and clearly show the large sensitivity of aT and (L/D) to small
T T

variations in Cm as well as the moderate sensitivity of cT to variations
MrefT

in CN.

Differences in test and flight CN and Cmf may result from sting interference

effects as well as lack of ablation and total enthalpy simulation. All those

possible error sources manifest themselves in an altered afterbody pressure

- distribution and would have an increasing trend with higher a as shown in

Figure 6. This is of particular interest since the observed divergence of

flight and predicted characteristics with increasing e, Figure It, is in reality

a divergence with increasing aC.
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It is, therefore, considered that the set of wind tunnel based aerodynamic

characteristics and the set of flight measured trim characteristics are each

self-consistent but that there exist small variations between these two sets
which are due primarily to differences in flight and wind tunnel values of
CNAB and CmrefAB' Furthermore, since these differences are due to basic

limitations in wind tunnel capability, they can only be resolved by application

of correction factors obtained from flight test.

i4



7. CONCLUSIONS

A curve fit of the appropriate wind tunnel test data and a correlation of

estinated performance with flight values have been performed for the

Gemini re-entry module resulting in the following conclusions:

a. The afterbody contribution to CN and C is not negligible and
is Reynolds number dependent? ref

b. The hypersonic aerodynamic characteristics of the Gemini
re-entry module based on wind tunnel test data and for ot I < 30
deg are adequately described for continuum flow by equations
of the form

CA C [A + A lsin2 a
max

C N  [B i + B 2sinotcosa + B 3sin(0a) + B4sina]

max

C = C PaCi + C 2sinacoscy + C 3sin(i0a) + C4 sin3 a]

ref max

where the A. , Bi, Ci are rational functions of the form
Ai= (ai+aZM-i + a 3 Mco), where the a i are constants and Cp
is based on the Gemini re-entry trajectory operational v-h
envelope.

c. The sets of wind tunnel and flight data are each se.f-consistent.
Lack of close correlation of these sets is attributed almost
wholly to differences between test and flight vaiues of CNA- and

mrefAB"

d. The inability of presently operational ground test facilities to

simulate flight valucs of total erthalpy preclude further wind
tunnel testing as a method of refining the existing set of Gemini
hypersonic aerodynamic characteristics. Refinements may be
achieved through acquisition of new and more intensive examina-
tion of existing flight data.
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8. RECOMMENDATIONS

a. It is recommended that the sensitivity of Gemini B system require-

ments to tolerances in predicted aerodynamic characteristics be

established through appropriate systems studies.

b. If the results of (a) indicate that further refinement of predicted

characteristics is warranted, it is recommended that the existing

NASA flight test data be re-examined and if found adequate in extent

and accuracy, that it be used as a basis for development of a set

of correction factors to be applied to the estimated aerodynamic

characteristics of the present analysis. This will require a review

of present flight test data reduction techniques and development of

new ones if found inadequate.

c. It is further recommended that in the planning of future test flights

of the Gemini B series, greater consideration be given to the

acquisition of data required for the definition of the vehicle aero-

dynamic coefficients as well as to a and L/D.
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